Acetobacter pasteurianus is a Gram-negative strictly aerobic bacterium that is widely used for the industrial production of vinegar. Three Acetobacter pasteurianus strains, SKU1108, NBRC 3283 and IFO 3191, have the same 16S rRNA sequence (100 % sequence identity) but show differences in thermotolerance. To clarify the relationships between phylogeny and thermotolerance of these strains, genome-wide analysis of these three strains was performed. Concatenated phylogenetic analysis of a dataset of 1864 orthologues has shown that the more thermotolerant strains, SKU1108 and NBRC 3283, are more closely related to each other than to the more thermosensitive strain, IFO 3191. In addition, we defined a dataset of 2010 unique orthologues among these three strains, and compared the frequency of amino acid mutations among them. Genes involved in translation, transcription and signal transduction are highly conserved among each unique orthologous dataset. The results also showed that there are several genes with increased mutation rates in IFO 3191 compared with the thermotolerant strains, SKU1108 and NBRC 3283. Analysis of the mutational directions of these genes suggested that some of them might be correlated with the thermosensitivity of IFO 3191. Concatenated phylogenetic analysis of these closely related strains revealed that there is a phylogenetic relationship associated with this phenotype among the thermotolerant and thermosensitive strains.
INTRODUCTION
Acetic acid bacteria (AAB) are strictly aerobic bacteria belonging to the a-proteobacteria, which are classified into 10 genera, of which the major ones are Acetobacter, Gluconobacter and Gluconacetobacter (Azuma et al., 2009; Bertalan et al., 2009; Prust et al., 2005) . These three genera are well distinguished in terms of their physiological characteristics. Acetobacter species are medium-level acetic acid producers and show relatively high acetic acid resistance (Sievers & Teuber, 1995) . Gluconacetobacter are high-level acetic acid producers and thus have the ability to resist extremely high concentrations of acetic acid. In particular, Acetobacter pasteurianus has been used in traditional static vinegar production, where the concentration of acetic acid does not exceed 6 % (v/v).
Thermotolerant Acetobacter strains isolated from flowers and fruits in tropical habitats in Thailand exhibited the capability to grow at temperatures of up to 40 u C and produced acetic acid more effectively than mesophilic strains (Saeki et al., 1997) . Such stressful conditions may have triggered adaptation, by which several defence mechanisms have been acquired to survive. AAB have been reported to exhibit phenotype instability, which can occur by either temporal acclimation or heritable adaptation (Azuma et al., 2009) . We speculated that these thermotolerant strains might contain some stress-adaptive mechanisms that should be absent in mesophilic strains. A better understanding of the molecular mechanisms underlying heat-stress adaptation may lead to an improvement of acetic acid production ability or to a novel high-temperature production system. Recently, we have isolated several thermosensitive mutants from the thermotolerant strain Acetobacter tropicalis SKU1100 and identified 24 genes responsible for the thermotolerance (Soemphol et al., 2011) . The 'thermotolerant genes' are classified into genes possibly involved in stress response, cell division, cell wall or membrane biosynthesis, and membrane transport. However, there is only one gene responsible for a heat-shock protein, putative heat-shock protein HspA (ATPR_3088). Similar results have been only recently shown in Escherichia coli. Murata et al. (2011) reported that many genes are found to be involved in thermotolerance of E. coli and those are categorized as the genes for energy metabolism, outer-membrane stabilization, DNA repair, tRNA modification, translation control, cell division and heat-shock proteins. However, the last category included only four of the thermotolerance genes (total 51 genes). Thus, it was expected that the adaptation for thermotolerance requires changes (mutation and/or acquisition) in many genes that have functionally diverged, not only the genes of heat-shock proteins.
Acetobacter pasteurianus SKU1108 is a thermotolerant strain, which was isolated from pineapple in Thailand (Saeki et al., 1997; Kanchanarach et al., 2010a,b) . In contrast, Acetobacter pasteurianus IFO 3191 is a mesophilic strain, which was isolated from beer in the Netherlands (Kanchanarach et al., 2010a,b) . Acetobacter pasteurianus NBRC 3283 was isolated from rice vinegar in Japan and the complete genome sequence of the NBRC 3283 strain has already been reported (Azuma et al., 2009) . Three A. pasteurianus strains, SKU1108, NBRC 3283 and IFO 3191, which have the same 16S rRNA sequence (100 % sequence identity), are closely related to one another. However, these strains have different phenotypes with respect to thermotolerance; the relationship between phylogeny and thermotolerance of these strains is still unclear.
Although 16S rRNA gene sequence analysis is still very important in taxonomic resolution in bacteria (Stackebrandt et al., 2002) , the use of different genes as phylogenetic markers, particularly protein-coding genes, is now a common approach (Yamamoto & Harayama, 1998; Morse et al., 2002; Adékambi & Drancourt, 2004) . In some cases, the use of other genes is even essential for phylogenetic inference since it overcomes the limitation of the use of 16S rRNA gene sequences in the phylogenetic resolution of closely related taxa (Konstantinidis & Tiedje, 2005) . Several studies have also shown that a concatenated multigene approach can resolve ambiguities in phylogenetic reconstructions based on single genes (Gontcharov et al., 2004; Rokas et al., 2003) .
In the present study, draft genome sequencing of two A. pasteurianus strains, IFO 3191 and SKU1108, was performed, and these sequences were compared with the complete genome sequence of A. pasteurianus NBRC 3283. To clarify the genome-level phylogenetic relationships among these extremely closely related strains, genome-wide phylogenetic analysis was performed using the unique orthologous genes among these three strains. In addition, the amino acid mutations among the three strains were investigated.
METHODS
Bacterial strains and chromosome preparation. A. pasteurianus SKU1108 (NBRC 101655), A. pasteurianus IFO 3191 (NBRC 3191) and Acetobacter tropicalis SKU1100 (NBRC 101654) were used in this study. Chromosomal DNA was isolated from cells of A. pasteurianus grown on 5 ml potato medium (0.5 % glucose, 2 % glycerol, 1 % yeast extract, 1 % peptone and 150 ml potato extract l 21 ) at 30 uC for 24 h. After harvesting the cells, chromosomal DNA was isolated using the DNeasy Blood & Tissue kit (Qiagen) following the manufacturer's instructions. The concentration of DNA was measured and adjusted by Nanodrop (Nanodrop Technologies) before further use.
Genome sequencing. Illumina/Solexa sequencing using the GAII platform was performed at Hokkaido System Science. Single-stranded genome fragments were annealed to the flow-cell surface in a cluster station (Illumina). A total of 36 cycles of sequencing-by-synthesis were performed and high-quality sequences (those passing default quality filtering parameters in the Illumina GA Pipeline GERALD stage) were retained for further analysis.
De novo sequence assembly and annotation. Illumina/Solexa sequence data were assembled using Velvet 0.7.55 (Zerbino & Birney, 2008) . Protein-coding genes (ORFs) involved in two A. pasteurianus draft genome assemblies were predicted using Glimmer version 3.02 with self-training dataset (Salzberg et al., 1998; Delcher et al., 2007) . Functional assignments of the predicted ORFs were based on a BLASTP homology search against A. pasteurianus IFO3283-01 protein sequences and the NCBI NR Proteins database (Altschul et al., 1997) .
Visualization of data. We generated graphical views of genome alignments using CGView (Stothard & Wishart, 2005) .
Sequence retrieval and data construction for phylogenetic analysis. The previously published sequences of A. pasteurianus IFO3283-01 and Acetobacter pomorum DM001 were downloaded from the NCBI FTP site at ftp://ftp.ncbi.nih.gov/genomes/Bacteria/. Only the chromosome sequence was used for the comparative analysis. Although it is known that IFO3283-01 is one of six clones isolated from A. pasteurianus NBRC 3283 strain stored in 1974, in this study, we used this complete genome sequence as the NBRC 3283 genome sequence. To construct the conserved orthologous groups among four strains, orthologue analysis was performed. Each orthologous gene was identified by homology searches for amino acid sequence using the BLASTP filtering expectation value of e-value ¡10 210 and sequence overlap ¢70 % (Altschul et al., 1997) . All ORFs were searched against each species, and the reciprocal best hits were regarded as being orthologous genes. If genes were orthologous among all species present, the group was defined as a phylogenetic orthologous dataset. Next, nucleotide sequences of each orthologous dataset were saved as a single multifasta file, and used for concatenated phylogenetic analysis.
Concatenated phylogenetic analysis of protein sequences.
To construct the phylogenetic tree of A. pasteurianus, amino acid sequence alignment of each orthologous group was carried out using CLUSTAL W (Larkin et al., 2007) . Each alignment file was combined and used for the concatenated phylogenetic analysis using house-written M. Matsutani and others ruby scripts. We used the MEGA version 5.03 package to generate the phylogenetic tree to study the phylogenetic relationships of AAB with the neighbour-joining approach and 1000 bootstrap replicates (Tamura et al., 2007 (Tamura et al., , 2011 . Although the phylogenetic trees were constructed by four different methods, neighbour joining, minimum evolution, unweighted pair group method with arithmetic averages (UPGMA) and maximum parsimony, all methods showed the same results. Therefore, we used the results obtained with the neighbourjoining method.
Identification of unique orthologous dataset. To construct unique orthologous datasets of three A. pasteurianus strains, SKU1108, IFO3283-01 and IFO 3191, orthologue analysis of these three strains was performed by the same methods as described above. In addition, ORF synteny of each orthologue protein was manually checked, and irregular groups were excluded from the dataset.
Mutational site analysis of unique orthologous dataset. To investigate the mutational sites among three strains, amino acid sequence alignment of each unique orthologous group was carried out using CLUSTAL W (Larkin et al., 2007) . A mutational site among three strains was defined as a residue at which an amino acid mutation has occurred in only one strain.
RESULTS AND DISCUSSION
Comparison of thermotolerance among three strains A. pasteurianus SKU1108 is known as a thermotolerant strain, which was isolated from Thailand (Kanchanarach et al., 2010b) . However, A. pasteurianus NBRC 3283 and IFO 3191 are regarded as mesophilic strains because these strains were isolated from Japan and the Netherlands, respectively (Kanchanarach et al., 2010b) . However, these three strains have 100 % identity among 16S rRNA sequences (data not shown) and thus seem to be extremely closely related.
In order to determine the difference in thermotolerance among these three closely related strains, the growths of these strains were compared at several different temperatures (Fig. 1) . Since A. tropicalis SKU1100 is more thermotolerant than A. pasteurianus, A. tropicalis SKU1100 was used as the reference thermotolerant strain (Matsutani et al., 2011) . As shown in Fig. 1 , their growths were not much different up to 37 uC, but it was found that IFO 3191 grew much more weakly than others at over 39 u C, while only SKU1108 could grow, to some extent, at 41 u C. Thus, although both A. pasteurianus SKU1108 and NBRC 3283 were considered to be thermotolerant strains, the former strain was more tolerant than the latter. On the other hand, A. pasteurianus IFO 3191 showed a clearly different tendency from the other two thermotolerant strains. In fact, it has been shown that IFO 3191 could not grow or produce acetic acid with 4 % ethanol at 37 u C, while SKU1108 and NBRC 3283 did well under the same conditions (Kanchanarach et al., 2010a, b) . Thus, A. pasteurianus IFO 3191 was considered to be a thermosensitive strain.
Sequencing and de novo assembly of the SKU1108 and IFO 3191 genomes
The Illumina sequencing technology provides a costeffective and rapid sequencing approach to generate nucleotide sequence data (Holt & Jones, 2008; Mardis, 2008; MacLean et al., 2009 ). This method usually generates -fold. Samples (7 ml) of the diluted solutions were spotted onto potato medium plates, which were incubated at 30, 35, 37, 39, 40 or 41 6C for 24 h and 48 h. A. tropicalis is shown as the reference for the thermotolerance, as it is known to be more thermotolerant than A. pasteurianus.
Genome-wide phylogenetic analysis of A. pasteurianus very short sequence reads. However, several recent studies have shown that it is possible to assemble these short reads into high-quality draft genome sequences (Butler et al., 2008; Dohm et al., 2007; Warren et al., 2007; Zerbino & Birney, 2008; Farrer et al., 2009 ).
We generated 5 952 661 sequences of 36 bp nucleotide reads from SKU1108 and 7 385 987 sequences of 51 bp nucleotide reads from IFO 3191. We assembled these Illumina reads using the Velvet short-read assembler (Zerbino & Birney, 2008) . Table 1 shows a summary of the characteristics of two de novo genome assemblies from SKU1108 and IFO 3191. The resulting assembly of SKU1108 had 294 contigs, of which N 50 number [the number of contigs in the set that contained the fewest (largest) contigs whose combined length represents at least 50% of the assembly] and N 50 length [the length of the smallest contig in the set that contains the fewest (largest) contigs whose combined length represents at least 50% of the assembly] were 15 and 59 358 bp, respectively. The largest contig was 241 903 nt long and the total length of the 294 contigs was 3 018 312 bp. The G+C content of the assembly was 52.68 mol%. For IFO 3191, the assembly had 306 contigs, for which the N 50 number was 12 and N 50 length was 72 808 bp. The largest contig was 335 349 nt long, and the total length of the 306 contigs was 2 888 200 bp. The G+C content of the assembly was 53.08 %. Protein-coding genes of these draft genome assemblies were predicted using Glimmer version 3.02 with self-training dataset to number 2888 and 2820 for SKU1108 and IFO 3191, respectively (Salzberg et al., 1998; Delcher et al., 2007) . The sequence data from SKU1108 and IFO 3191 have been deposited at DDBJ/EMBL/GenBank under the accession numbers BACF01000000 and BACG01000000, respectively.
Concatenated phylogenetic analysis of three strains
We aligned the draft genome sequences of SKU1108 and IFO 3191 against the complete genome sequence of NBRC 3283 using MUM-MER (Delcher et al., 1999 (Delcher et al., , 2002 Kurtz et al., 2004) . The IFO 3191 genome shows a sequence identity of 97.45 %. On the other hand, the SKU1108 genome was more similar to that of NBRC 3283, with 98.66 % sequence identity. This pattern of sequence identities is consistent with the phenotype of thermotolerance, suggesting that the two thermotolerant strains are more closely related.
To clarify the phylogenetic relationships among the three strains, whole-genome-level phylogeny was investigated by concatenating multigene analysis, which is an accepted technique to improve the accuracy of phylogenetic inference (Gontcharov et al., 2004; Rokas et al., 2003) . Using this technique, we also performed the reconstruction of phylogenetic relationships among AAB, Gluconobacter, Acetobacter and Gluconacetobacter, and showed that the new concept derived from genome-wide phylogenetic analysis fits well with the physiological differences among the three AAB (Matsutani et al., 2011) . Therefore, we tried to determine the core set of orthologous genes for each of the three A. pasteurianus strains, SKU1108, NBRC 3283 and IFO 3191, using the all-against-all BLASTP analysis. In addition, a draft genome sequence of A. pomorum DM001 (GenBank accession number AEUP00000000) was added as an outgroup for genome-level phylogenetic analysis. To construct the conserved orthologous groups among the four strains, orthologue analysis was performed as described in Methods. If a gene was orthologous and present among all species, a group of the genus was defined as a phylogenetic orthologous dataset. As a result, 1864 groups of orthologous genes were detected on the basis of the reciprocal best hits (see Supplementary Table S1 , available with the online version of this paper), and used as a phylogenetic orthologous dataset to investigate the genetic relationships at the whole-genome level among these three extremely closely related strains. Amino acid sequences of each phylogenetic orthologous dataset were aligned and concatenated into a pseudo-single sequence, from which a neighbour-joining phylogenetic tree was constructed. The phylogenetic tree showed that the thermosensitive strain, IFO 3191, was the first to diverge from its common ancestor with the two more thermotolerant strains, SKU1108 and NBRC 3283 (Fig. 2) . Nucleotide-based concatenated phylogenetic analysis also showed the same result (data not shown). The deduced phylogenetic relationships among these strains are in agreement with their thermotolerance, indicating that this new concept derived from genome-wide phylogenetic analysis fits well with the physiological differences among the three strains. Therefore, it was thought that the amino acid mutations among orthologous proteins might affect their thermotolerance.
Comparison of three A. pasteurianus strains Fig. 3 illustrates the sequence alignments of the SKU1108 and IFO 3191 draft genome assembly sequences against the reference genome sequence (NBRC 3283). It was observed that there are two large deleted regions in IFO 3191, in particular, region 1 and region 3, involving APA01_13360 to APA01_13860 and APA01_21970 to APA01_22240, respectively. On the other hand, a SKU1108-specific deleted region was also observed in APA01_17890 to APA01_18270 (region 2). These regions include some functional genes (see Supplementary Table S2 ). It has been postulated that bacterial genomes can be composed of a pan-genome, which could be divided into a 'core genome' containing genes conserved in all strains, and 'dispensable genomes' containing genes not conserved in all strains Medini et al., 2005) . Therefore, these deleted regions are classified into dispensable genomes, and thus might be correlated with the acquisition of thermosensitivity of IFO 3191 or thermotolerance of SKU1108. It has been reported that genes associated with stress response, cell wall biosynthesis and transport play important roles in the thermotolerance of bacteria (van der Veen et al., 2009; Murata et al., 2011; Soemphol et al., 2011) . Of these gene categories related to thermotolerance, many outer-membrane proteins and transporters were included in the dispensable regions 1 and 3 in IFO 3191. Although it is very difficult to evaluate the effect of deleted regions on the thermotolerance in these strains, large deletions in closely related genomes might affect the thermotolerance of each strain.
Comparison of amino acid mutations among three strains
In order to compare the amino acid mutations among the three strains, we tried to determine the core set of orthologous genes for each of the three A. pasteurianus strains, SKU1108, NBRC 3283 and IFO 3191, using the all-against-all BLASTP analysis. To construct the conserved orthologous groups among the three strains, orthologue analysis was performed as described above. As a result, 2067 groups of orthologous genes were detected on the basis of the reciprocal best hits. The use of accurate and reliable identification of orthologous genes is essential for the amino acid mutation analysis. Therefore, ORF synteny of these three strains was manually checked, and we excluded 57 potentially incorrect orthologous sets from pre-defined orthologous groups (data not shown). As a result, a total of 2010 orthologous genes were determined and defined as a unique orthologous dataset (see Supplementary Table S3 ). These orthologous groups were used for further analysis.
An example, APA01_11680, for the definition of amino acid mutations among three strains is shown in Supplementary  Fig. S1 . The presence of different residues of the three strains at the same aligned position was defined as an amino acid mutation; 12 mutations were found in this case. If all residues at the same aligned position were different, these positions were ignored. Gap regions of each protein were excluded. No gap regions among each orthologous protein were defined as conserved regions. Thus, in APA01_11680 ( Supplementary Fig. S1 ORFs of SKU1108 in the unique orthologous dataset have no amino acid mutations in the conserved region. To evaluate the functional distribution of conserved (no mutation) genes among the three strains, the functions of all the conserved unique orthologous dataset were assigned according to the clusters of orthologous groups (COGs) functional categories (Tatusov et al., 1997 (Tatusov et al., , 2003 . Genome-wide phylogenetic analysis of A. pasteurianus
As shown in Table 2 , genes categorized as involved in translation, ribosomal structure, and biogenesis (category J: 63 genes relative to a total of 135 genes), transcription (K: 33 out of 78 genes), signal transduction mechanisms (T: 14 out of 34 genes) and intracellular trafficking, secretion and vesicular transport (U: nine out of 21 genes) are highly conserved among each unique orthologous dataset (.40 %). These genes, which are critical for survival, are well known to be conserved and thus to have a low amino acid mutation rate. However, genes categorized as involved in cell wall/membrane/envelope biogenesis (17 genes), carbohydrate transport and metabolism (10 genes), and coenzyme transport and metabolism (11 genes) have more mutations.
To investigate the distribution of orthologous genes with increased mutation rates, mutation rates per 100 amino acids of the unique orthologous dataset were calculated (see Supplementary Fig. S2 ). As described above, IFO 3191 has more mutational sites than the other two strains. In addition, we noticed that there are many genes with increased mutation rates in IFO 3191 relative to the other thermotolerant strains. To investigate the functional distribution of these genes with increased mutation rates, the 100 genes containing the most mutations were listed (data not shown). Interestingly, 54 genes are highly mutated in only IFO 3191. That is, the orthologous genes of the two thermotolerant strains have no amino acid mutations. Table 3 shows the list of amino acid mutational genes with increased mutation rates only in IFO 3191, excluding 23 hypothetical proteins and a misaligned protein (APA01_ 06020: chloride channel protein). Nucleotide mutational rates (mutations per 300 nucleotides) are also shown in the table. As can be seen in Table 3 , almost all of the genes have no or few nucleotide mutations in the thermotolerant strains, suggesting that these amino acid mutations are highly Fig. 3 . Alignments of two draft genome assembly sequences of A. pasteurianus SKU1108 and A. pasteurianus IFO 3191 against the complete genome data of A. pasteurianus NBRC 3283. Contig sequences were aligned against the reference genome sequence (NC_013209).
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accelerated in the thermosensitive strain, IFO 3191. The genes with increased mutation rates are mainly categorized as involved in stress response, cell wall or cell membrane biosynthesis, and transport systems. The thioredoxin (APS_ 1443), glutathione peroxidase (APS_2221) and xanthine dehydrogenase accessory factor XdhC/CoxI (APS_2602) genes could be categorized as stress-response genes, which may play major roles in the removal of oxidative stress. The outer-membrane protein OmpW (APS_1483), glycosyltransferase (APS_1881), UDP-N-acetylglucosamine 4-epimerase (APS_2598), glycosyltransferase (APS1342) and enoyl [acyl carrier protein (ACP)] reductase (APS_2129) genes could be categorized as involved in cell wall or cell membrane biosynthesis and may play an important role as the first level of protection against environmental stress. The multidrug resistance transporter HlyD/EmrA/FusE (APS_1888), oligopeptide transporter ATP-binding protein OppD (APS_2127) and ABC transporter ATP-binding protein (APS_1887) genes are categorized into the group involved in transport systems, and cobalamin (vitamin B12) biosynthesis protein precorrin-6Y C5,15-methyltransferase (APS_2432), precorrin 6x reductase (APS_2431), uroporphyrinogen-III synthase (APS_0218), and cobalamin (vitamin B12) biosynthesis protein precorrin-3B biosynthesis protein CobG (APS_ 2427) are categorized as involved in coenzyme transport and metabolism. Although the relationships between these genes and the thermotolerance of bacteria are still unclear, many previous studies have indicated that stress response, cell wall or cell membrane biosynthesis and transport genes play important roles in the thermotolerance of bacteria (van der Veen et al., 2009; Murata et al., 2011) .
It is difficult to experimentally evaluate the effect of introducing key thermotolerant proteins or regions at this moment. However, in a previous study (Soemphol et al., 2011) , we attempted to identify genes essential for growth at high temperature by transposon (Tn10) mutagenesis with respect to the thermotolerant AAB A. tropicalis SKU1100 strain, and it was shown that the 24 genes are essential for the thermotolerance of SKU1100. Some of the 24 genes, RNA polymerase sigma factor (ATPR_2218), xanthine dehydrogenase (ATPR_2837), and hypothetical protein (ATPR_0162), are functionally overlapped or gene-clustered with the high mutation proteins, APS_1680, APS_2602, and APS_2598 respectively, of IFO 3191 (Table 3 ). In addition, some thermotolerant genes of A. tropicalis, N-acetylmuramoyl-L-alanine amidase (ATPR_3151), 3-phospho-D-glycerate dehydrogenase (ATPR_0874) and hopene-associated glycosyltransferase (ATPR_1188), are also related to cell wall or cell membrane biosynthesis, and some other genes, ABC transporter, substrate-binding protein (ATPR_0609) and Na + /H + antiporter (ATPR_0071), are transporters, of which the gene categories are also found in the dispensable regions 1 and 3 of IFO 3191 in this study.
After divergence of the ancestor of the two thermotolerant strains from IFO3191 (Fig. 2) , amino acid mutations have accumulated in each strain. To elucidate the mutational patterns of the orthologous proteins in three strains, we added the data for A. pomorum DM001, which is close to the A. pasteurianus strains, and the orthologous proteins (listed in Table 3 ) were aligned with the four strains. If amino acid residues of IFO 3191 and DM001, which are identical, are different from those of the other two strains, both having identical sequences, it is thought that only the ancestor of the two thermotolerant strains had mutated because DM001 was the first to diverge from the other three strains (see Fig. 2 ). On the other hand, if amino acid residues of the two thermotolerant strains and DM001 are the same, but different from those of IFO 3191, it is thought that only IFO 3191 has mutated. As a result, the two mutational patterns as described above were observed in the orthologous proteins among the three strains, indicating that these proteins have evolved in both directions among these thermotolerant and thermosensitive strains after divergence (see Supplementary Table S4) . Thus, these genes may be responsible for both thermotolerance and thermosensitivity. In particular, thioredoxin (APS_1443), and outer-membrane protein OmpW (APS_1483), are found to be mutated only in IFO 3191, which may thus be related to the thermosensitivity. Thus, it is suggested that some of these genes might be correlated with the thermosensitivity of IFO 3191 and some others with the thermotolerance of NBRC 3283 and SKU1108.
In the present study, we have clarified the relationships between phylogeny and thermotolerance of three closely related strains using genome-wide phylogenetic analysis of a dataset of 1864 orthologues. The results show that the two more thermotolerant strains, SKU1108 and NBRC 3283, are more closely related to each other than to the thermosensitive strain, IFO 3191. It was suggested that thermotolerance and the phylogenetic relationship of three strains are correlated with their physiology. In addition, we compared the frequency of amino acid mutations among the three strains. As a result, genes categorized as involved in translation, transcription and signal transduction were found to be highly conserved among each orthologous protein, while those involved in membrane biogenesis, carbohydrate metabolism and coenzyme metabolism have more mutations than others. The results also showed that there are several highly mutational genes and deletions in IFO 3191 relative to the other thermotolerant strains. Thus, it is suggested that these genes might be correlated with the thermosensitivity of IFO 3191 and the thermotolerance of NBRC 3283 and SKU1108.
